Background. In large-scale epidemiological studies of stillbirths and neonatal deaths a method is needed to replace detailed medical record audits in order to determine the cause of death. Methods. A computer-based method is presented for determination of the cause of death in stillbirths and in neonatal deaths. It utilizes information in the Swedish medical registries. The study comprises 6044 dead infants born in Sweden from [1983][1984][1985][1986][1987][1988][1989][1990]. For each infant the program determines 31 basic characteristics which are important in deciding the cause of death. Based on these characteristics a modified Wigglesworth's classification is used to find the cause of death. The validity of the method was checked by comparing the computer generated information with information obtained by scrutinizing medical records for a 10% representative sample (603 infants). Results. Specificity and sensitivity for each basic characteristic varied, but for the modified Wigglesworth cause of death classification the concordance was 88%. The weakest data refer to intrauterine deaths, where pertinent information was often missing in the medical registries. Conclusion. The method can be used for large-scale epidemiological studies.
The usual information source for the classification of stillbirths and neonatal deaths is death certificates. The shortcomings of such certificates, which are wellknown, are due to, for instance, difficulties in singlecause coding and diagnostic accuracy. This has been demonstrated, for example, in an American study 1 of fetal deaths where 29.5 to 42.8% of the certificates were not valid or useful. The WHO (World Health Organization) rules for selecting the Underlying Cause of Death have also been questioned after a comparison between such diagnoses and diagnoses made by a panel of neonatologists. 2 Kristensen and Mac 3 have also stressed the need to interpret death certificate information cautiously. Another problem in Sweden and in many other countries is that no cause of death is stated on the death certificates for stillborn infants.
Various methods of grouping causes of death in stillbirths and neonates have been used. [4] [5] [6] [7] [8] [9] [10] One of the most well-known was first suggested by Wigglesworth in 1980. 11 It consists of five groups: lethal malformations, specific causes, intrauterine death, asphyxia, and immaturity. Basically, two different approaches have been used for the analysis of stillbirths or neonatal deaths. One is to study large groups and to use the death certificate information, crude as it may be; the other is to do 'perinatal audits' in order to identify the actual cause of death of each individual infant as accurately as is possible from all available data. The latter method obviously has a much larger degree of precision, but would require great effort in order to be useful in monitoring a total population. In most instances enough data are available at the local level to make a reasonable estimate of the cause of death. The problem is to transfer this knowledge to a central level to permit the monitoring of a total population, and to be able to compare the causes of death distribution between different areas, between different countries, or during different time periods.
The aim of this project was to circumvent these problems by using all available information in the central health registries in Sweden to build up a computerbased diagnostic system which characterizes each stillbirth and neonatal death and groups the deaths into meaningful groups. As a second step, a validation was done by comparing the results of the computer analysis with those of a medical record audit in a sample of the material.
MATERIAL
We have used data from four different central registries.
1. The Medical Birth Registry was started in 1973. It contains information on approximately 99% of all infants born in Sweden. The content of the register has changed slightly over the years but basically consists of information collected at maternity health centres during pregnancy, at delivery, and at the paediatric check-up of the newborn. The register contains a substantial amount of information of varying accuracy. 12 For the present purpose, the following information was used: birthweight, pregnancy length, Apgar score, infant diagnoses, maternal diagnoses, interventions at delivery and in the newborn. Diagnoses are given as codes from the International Classification of Diseases (ICD codes): ICD-8 codes up to 1987 and ICD-9 codes from 1987 onwards.
2. The Registry of Congenital Malformations began in 1964. It is a monitoring register with a rather detailed diagnostic level for congenital malformations. 13 Although a specific detailed coding system is used, the ICD-8 or ICD-9 codes are also given. The register covers the whole country but about 20% of even severe malformations are never reported.
3. The Cause of Death Registry is based on death certificates which are coded centrally by Statistics Sweden, following the WHO recommendations. Underlying and contributing causes of death are given as ICD-8 or ICD-9 codes. This countrywide register only covers livebirths.
4. The Registry of Congenital Cardiac Defects was started in 1981. It contains information on children with major cardiac malformations diagnosed at paediatric cardiac centres in Sweden before the age of one year, 14 either with echocardiography, heart catheterization, operation, or autopsy. The register covers all of Sweden.
The four registers were linked for all deaths occurring up to the age of 28 days (neonatal deaths) by using the personal identification number each newborn infant gets and/or the personal identification number of the mother and the date of birth of the infant. These identification numbers are unique for the individual and are used extensively throughout society, including in health care. The study was restricted to the years 1983-1990, and comprised 6044 stillbirths or neonatal deaths among a total of 836 881 births. The Swedish stillbirth definition (28 completed gestational weeks) was followed. Livebirths were included irrespective of gestational age.
METHODS

Computer Programs
Two computer programs were written (using QuickBasic): 1. A basic program, which characterizes each infant death, in order to provide a solid basis for a future classification into meaningful cause of death groups. 2. A hierarchical cause of death classification program, based on the characteristics defined in the basic program. As a model we used Wigglesworth's classification 11, 15 with five different cause of death groups, slightly modified as described below.
Clinical Definitions of Basic Characteristics
Thirty-one basic conditions were identified and clinical definitions for these conditions were defined. Each dead infant may have more than one basic condition, and these do not directly refer to cause of death, but aim only at describing as well as possible the characteristics of the infant which are relevant for a later cause of death diagnosis. The clinical definitions are presented in brief in Table 1 . These definitions were followed at the validation process (see below) and were the basis for the definitions used in the computer programs.
Definitions of Basic Conditions by ICD Codes
Basic conditions to be used in the computer programs were defined from ICD codes, equivalent to the relevant clinical definitions. For some of the basic conditions (immaturity, asphyxia in liveborn), we used gestational length and birthweight in addition to the ICD codes, and for asphyxia we also used Apgar score and age at death. The definitions are shown in Table 2 .
Age at Death
In the Medical Birth Registry, stillbirths are marked. Stillbirth status can also be seen from the personal identification number each infant gets. Occasionally there are discrepancies between the two systems. When the identification number indicated stillbirth, this was accepted, even when the Medical Birth Registry did not state stillbirth.
We wanted to divide stillbirths into deaths before onset of labour and deaths during labour. This is recorded in the Medical Birth Registry, but preliminary analysis of the data showed that the information has a low validity, since deaths during labour sometimes are misclassified as deaths before onset of labour. We therefore reclassified as dead during labour those infants who were noted as dead before the onset of labour but who had a diagnosis of fetal distress or death from hypoxia or anoxia during labour, as we found it most likely that these infants were alive when labour started.
Later deaths among liveborns were ascertained by the routine linkage of the Medical Birth Registry with the Cause of Death Registry (Statistics Sweden), which gives date of death. Short-time survival could be calculated in h or min, since the Medical Birth Registry contains information on the exact time of birth and time of death when deaths occurs within the first few days of life.
Classification of Cause of Death
We used a slightly modified variant of Wigglesworth's classification of 1989. Because the possibility of survival of immature infants has increased enormously since 1989, we used stricter inclusion criteria: Ͻ27 completed weeks or Ͻ800 g compared with Ͻ1000 g suggested by Wigglesworth. We also included late neonatal deaths, while Wigglesworth restricted his classification to perinatal deaths.
In the following text we will use the term 'cause of death' for the primary or underlying cause of death in a specific infant. The five modified Wigglesworth cause of death groups in hierarchical order are: 1. Lethal malformations. Includes stillborn and liveborn infants with lethal malformations or potentially lethal malformations that markedly increase mortality risk. 2. Specific conditions. Infants with an inborn error of metabolism, sudden infant death syndrome, twin-totwin transfusion, fetal blood loss, specific infection, fetal hydrops, iso-immunization, tumour, accident, and acquired immunodeficiency syndrome are included. Infants Ͼ32 gestational weeks who cannot be classified into any of the other four defined cause of death groups are included in this group if pneumonia, sepsis or meningitis is marked as a basic characteristic. In the same way term infants with respiratory distress syndrome are included. 3. Death before onset of labour. Includes stillbirths without lethal malformations or specific conditions. 4. Death from asphyxial conditions developing during labour. Includes all deaths occurring during labour, irrespective of gestational age or birthweight. Includes liveborn infants Ͼ26 gestational weeks, or if gestational age is unknown, with a birthweight у800 g, with asphyxia marked as a basic characteristic. Infants of mothers with placental abruption or infants with cerebral haemorrhage, meconium aspiration, or umbilical cord complications are included if they cannot be classified into any of the other four defined cause of death groups.
Death from conditions associated with immaturity.
Liveborn preterm infants Ͻ27 weeks of gestational age or, if gestational age is unknown, weighing Ͻ800 g, without malformations or specific conditions belong to this group irrespective of time of death. Liveborn preterm infants, 27-32 gestational weeks, are included if they do not have a lethal malformation, specific condition, or asphyxia marked as a basic characteristic. 6. Unclassifiable causes. Cases not belonging to groups 1 to 5.
A simplified way of describing how the computerized cause of death classification program works is shown in Figure 1 .
Validation of Computer-based Classification
A random, stratified sample of 612 deaths was taken, comprising 10% of the study population, distributed among all regions, hospitals of different levels, and years of birth. Among 68 delivery hospitals in Sweden, 28 representative hospitals were selected: all eight university or regional hospitals, 12 of 35 central hospitals, and eight of 25 peripheral hospitals. The selection of cases for validation within each hospital was done using a randomization process.
For 607 of the 612 deaths, all relevant medical documents in connection with pregnancy, delivery and the neonatal period were found and scrutinized by a neonatologist (IW). When analysing the data, four of the cases were found to be fetal deaths at Ͻ28 gestational weeks and were therefore excluded. Hence the validation is based on 603 cases. For each death, a form was completed with information about the 31 basic characteristics, using the clinical guidelines set up. Thereafter, a cause of death classification was made following the same decision tree for the modified Wigglesworth's classification as in the computer program.
When this scrutiny was completed the basic information obtained from the medical records study and from the computer program were compared, and concordance, specificity, and sensitivity were studied. Similarly, a comparison was made between the modified Wigglesworth cause of death classification according to the medical records study and according to the computer program. Table 3 gives the distribution of basic characteristics according to the computer program and the medical records validation and includes estimates of specificity and sensitivity for each characteristic. The figures for specificity, i.e. the ability of the program to avoid false positive diagnoses, varied between 94 to 100% for all the basic characteristics.
RESULTS OF THE VALIDATION PROCEDURE Basic Characteristics
The 21 infants found to have lethal malformations in the medical records study but who were not identified by the computer search all had obvious lethal malformations, but none of them were reported to any of the central registers.
Sixteen cases of placental abruption were falsely diagnosed by the program. All had marginal bleeding (not included in the clinical definition) and an ICD code for placental abruption.
The lowest sensitivity scores were found for umbilical cord complications (21%), fetal blood loss (25%), maternal systemic lupus erythematosus (SLE) (40%), lethal fetal hydrops (50%), accidents (50%), cerebral haemorrhages in term infants (57%), and pneumonia (60%). It should be noted that the absolute number of cases with these characteristics was low. All six missing infants with lethal fetal hydrops died before labour and none had any diagnoses in the registers.
Cause of Death Classification
The 603 deaths in the random sample were distributed among the different groups in the modified Wigglesworth's classification as shown in Table 4 . The sensitivity and specificity figures are given in Table 5 .
Specificity varied between 92 and 100%, sensitivity between 56 and 99%.
In summary, we found that the computer program tends to overestimate 'death before onset of labour' (group 3) at the expense of 'lethal malformations' (group 1), 'specific conditions' (group 2) and 'asphyxia' (group 4). The biggest problems are the sparse information given in the register records of stillborn infants, and confirming whether or not the fetus was alive when labour started.
The computer program gives a total concordance of 88% (532/603). Table 6 shows the cause of death classification according to the modified Wigglesworth model for the years 1983 to 1990 for all of Sweden. Only 2% of the cases could not be classified.
DISCUSSION
Perinatal and neonatal mortality are good indicators of the general health of the population, as well as of the medical care offered to pregnant women, at deliveries and to newborn infants. Monitoring of mortality rates is therefore a standard component of health statistics.
Crude rates, however, may be difficult to interpret. One important item of supplementary information is the birthweight-specific death rate, which has been used to compare perinatal mortality in Blacks and Whites, 16 and in different countries. 17 Further insight can be obtained by an analysis of the actual causes of death, which should be the basis for proper monitoring of stillbirths and neonatal deaths in a population. This was done in a Canadian study which described the changing pattern of causes of fetal death during an extended period, from the 1960s to the 1980s. 18 In that study, for example, a nearly complete disappearance of fetal death due to intrapartum asphyxia or Rhesus immunization was described.
The main purpose for developing the computer-based method described here is to present a tool for largescale epidemiological studies of cause of death diagnoses in stillbirths and neonatal deaths. The advantage is that larger numbers of cases can be handled than in a perinatal audit.
The development of a separate program for basic characteristics makes it possible to apply various cause of death classification models, as we will show in a later paper. As the basic characteristics should also be usable in other hierarchic models, it is satisfactory that most of them have an adequate rate of concordance.
One obvious problem is inadequate or missing diagnoses in the central registers, especially noteworthy for deaths before the onset of labour. Another problem is to distinguish between intrauterine deaths occurring before onset of labour and death during labour.
When applying the program for cause of death classification according to Wigglesworth, we found an acceptable overall concordance of causes of death (88%) in the comparison of results from a detailed medical record scrutiny with the computer generated results.
When individual Wigglesworth cause of death groups were studied, we found acceptable precision for 'lethal malformations', 'death before onset of labour', and 'death from conditions associated with immaturity'. The sensitivity figures for 'specific conditions' are less satisfying (56%), but they will have a minor impact since this group contributes only a few per cent of the total number of deaths. The sensitivity figures for 'the asphyxia group' (68%) are mainly affected by the problem of separating death during labour from death before onset of labour, but there is also some difficulty with the delineation towards 'the immaturity group'.
The computer-based method described in this paper will never be as exact as a specific perinatal audit, but will most likely be superior to any classification based on routine cause of death diagnoses given in death certificates. 9, 10 It is concluded that the present computer-based method for cause of death classification can be used in large-scale epidemiological studies (e.g. studies on time trends, geographical distribution patterns) with reasonably good precision. It can also be used in analytical studies of risk factors for different causes of death, where the lack of precision leading to conservative estimates of risk can be balanced by the large number of events that can be studied. Moreover, the classification program can be used for ongoing perinatal and neonatal surveillance.
